Background: Pelvic inflammatory disease (PID) has been associated with ovarian cancer risk. To clarify the role of Chlamydia trachomatis and other infectious agents in the development of ovarian cancer, we evaluated the association of serologic markers with incident ovarian cancer using a staged approach in two independent populations. Methods: Studies included: 1) a case-control study in Poland (244 ovarian cancers/556 control subjects) and 2) a prospective nested case-control study in the PLCO Cancer Screening Trial (160 ovarian cancers/159 control subjects). Associations of serologic marker levels with ovarian cancer risk at diagnostic as well as higher thresholds, identified in Poland and independently evaluated in PLCO, were estimated using multivariable adjusted logistic regression. Results: In the Polish study, antibodies (based on laboratory cut-point) against the chlamydia plasmid-encoded Pgp3 protein (serological gold standard) were associated with increased ovarian cancer risk (adjusted odds ratio [OR] ¼ 1.63, 95% confidence interval [CI] ¼ 1.20 to 2.22); when a positive result was redefined at higher levels, ovarian cancer risk was increased (cut-point 2: OR ¼ 2.00, 95% CI ¼ 1.38 to 2.89; cut-point 3 [max OR]: OR ¼ 2.19, 95% CI ¼ 1.29 to 3.73). In the prospective PLCO study, Pgp3 antibodies were associated with elevated risk at the laboratory cut-point (OR ¼ 1.43, 95% CI ¼ 0.78 to 2.63) and more stringent cut-points (cut-point 2: OR ¼ 2.25, 95% CI ¼ 1.07 to 4.71); cut-point 3: OR ¼ 2.53, 95% CI ¼ 0.63 to 10.08). In both studies, antibodies against other infectious agents measured were not associated with risk. Conclusions: In two independent populations, antibodies against prior/current C. trachomatis (Pgp3) were associated with a doubling in ovarian cancer risk, whereas markers of other infectious agents were unrelated. These findings lend support for an association between PID and ovarian cancer.
conditions in epidemiologic studies. Most studies do not capture information regarding medical diagnoses of PID, and use of self-reported medical history is unreliable. Further, examination of risk factors by histologic subtype is important as the etiological pathways differ (14) .
Chlamydia trachomatis (C. trachomatis) is a sexually transmitted bacterium and the most common cause of PID in highincome countries (15) . A prior study found an association between antibodies against C. trachomatis infection and ovarian cancer (16) , while other studies have reported null results (17, 18) . Mycoplasma genitalium (M. genitalium) is another sexually transmitted infection that can cause PID; however, its evaluation as a potential risk factor for ovarian cancer using serologic markers is limited to one prior study (17) . We sought to comprehensively test for possible relationships between sexually transmitted infections and other known cancer-associated microorganisms and ovarian cancer using a recently developed and validated multiplex serology assay that allows simultaneous determination of antibodies to a large set of infectious agents. We hypothesized that increased seropositivity indicating previous/current chlamydia infection is associated with ovarian cancer, particularly at higher antibody levels likely indicative of chronic and/or persistent chlamydia infections that may be more strongly correlated with PID. To test this hypothesis, we evaluated associations of antibodies against C. trachomatis with ovarian cancer risk for different thresholds to define seropositivity using a two-stage strategy, identifying the cutpoints in a population-based case-control study conducted in Poland and independently testing the cut-points in a prospective nested case-control study conducted in the Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial. We also tested for associations with other potential causes/correlates of PID including M. genitalium, as well as markers of prior/current infections that are not known causes of PID (eg, human papillomavirus [HPV] , hepatitis B virus, etc.) (10) .
Methods

Study Populations
Polish Ovarian Cancer Study Details of the study have been previously reported (19) . Briefly, eligible case subjects included women age 20 to 74 years living in Warsaw or Ł od z, Poland, that were newly diagnosed with histologically confirmed epithelial ovarian cancer between June 2001 and December 2003. Cases were identified through a rapid identification system organized at participating hospitals, with periodic checks against cancer registries in both cities to ensure complete case identification. Population-based control subjects were randomly selected from the Polish Electronic System, a database with demographic information for all residents of Poland. Controls comprised women who did not report a previous diagnosis of ovarian cancer or bilateral oophorectomy at the time of enrollment and who were frequency matched to cases based on study site and five-year age category. Serum samples were collected from 278 borderline and invasive ovarian cancer cases (81.5% of 341 interviewed cases) and 1911 controls (95.8% of 1994 interviewed controls). We randomly selected a sample of 556 controls with available serum to approximate a 1:2 case:control ratio. We excluded borderline ovarian cancers (n ¼ 34); thus our final analytic sample included 244 cases and 556 controls. Ethics boards in Poland and the United States approved the study protocol; all participants provided written informed consent.
PLCO
We conducted a prospective nested case-control study within the screening arm of the PLCO Cancer Screening Trial. Details of the trial (20) and nested case-control study (21) have been previously reported. Briefly, between 1993 and 2001, approximately 155 000 subjects (78 216 women) age 55 to 74 years were recruited from 10 cities and randomly assigned to receive screening or no screening. Screening arm subjects provided blood samples at baseline and five subsequent annual medical examinations (22) , and cancer diagnoses were pathologically confirmed via medical records. We identified 160 first primary ovarian cancer cases diagnosed between two and 14 years after blood collection from the eligible screening arm participants followed through December 31, 2010. Eligibility criteria included the availability of a serum sample, consent to biochemical studies, completion of the baseline questionnaire, and no history of cancer (other than nonmelanoma skin cancer) prior to ovarian cancer diagnosis. Controls were individually matched to cases on age at blood collection (five-year age category), race (white, black, other), study center, and time (AM, PM) and date (threemonth categories) of blood collection. Controls were restricted to women alive without a history of oophorectomy at the time of diagnosis of their matched case. We were unable to identify a suitable matched control for one case; therefore our final analytic sample consisted of 160 cases and 159 matched controls. Institutional review boards at the National Cancer Institute and the study centers approved the trial; all participants provided written informed consent.
Laboratory Measurements
We measured antibodies against an extensive set of C. trachomatis antigens including the major outer membrane proteins (MOMP) from serovars A, D, and L2, translocated actinrecruiting phosphoprotein N and C terminal fragments (Tarp-F1 and Tarp-F2), heat shock protein 60 variant 1 (HSP60-1) (Hulstein SH, Matser A, Alberts CJ, et al., manuscript submitted for publication), and plasmid-encoded Pgp3 protein. The C. trachomatis Pgp3 antibodies are considered the gold standard for detecting current or past chlamydia infections (23, 24) due to longer persistence of antibodies compared with other commonly used antigens (eg, MOMP peptide enzyme-linked immunosorbent assay). We tested for M. genitalium, a small pathogenic bacterium that infects the ciliated epithelial cells of the urinary and genital tracts in humans. M. genitalium is a relatively common, albeit recently identified, infection that has been associated with PID (25) and infertility (26) . We also included HSV-2 as another potential cause of PID (27) . To further evaluate the infection-ovarian cancer hypothesis, we measured serologic markers of HPV, which is not associated with PID but is a well-known cause of cervical cancer, as well as other cancer-associated infections that are not exclusively sexually transmitted.
Serum samples were tested for antibodies against a variety of infectious agents (listed in Supplementary Table 1, available online) using a multiplex, fluorescent bead-based assay (28) . Antibodies bound to each bead were quantified as median fluorescence intensity (MFI). Continuous MFI values representing antibody levels were dichotomized as seropositive or seronegative based on previously defined cut-points (Hulstein SH, 
Statistical Analysis
Mean antibody levels were compared using generalized linear models adjusting for matching factors, and P values were calculated using a Wald test. Associations between continuous antibody levels were estimated using Pearson correlation coefficients. Conditional logistic regression was used to assess the odds ratios (ORs) and 95% confidence intervals (CIs) for the association between seropositivity (indicative of past/current infection) and ovarian cancer. Models were conditioned on matching factors and adjusted for the following a priori-defined ovarian cancer risk factors: nulliparity, duration of oral contraceptive use, and duration of menopausal hormone therapy (MHT) use (as defined in Table 1 ).
Associations of ovarian cancer with seropositivity were based on laboratory cut-points that were defined independently of the current studies (cut-point 1). We additionally evaluated higher antibody thresholds for chlamydia serology given that we were interested in evaluating risk associated with a marker of PID, which is an adverse sequala of severe, prolonged, and/or repeated C. trachomatis infection. We determined these cutpoints by evaluating the trajectory of the odds ratio in Poland with increasing antibody level. We identified two additional cut-points in Poland: cut-point 2) where the odds ratio first increased substantially (at least 15%) from the laboratory cutpoint-based odds ratio; and cut-point 3) the maximum odds ratio. We then tested these additional cut-points in PLCO. We applied this same approach to antibodies against M. genitalium and HSV-2, potential causes/correlates of PID, and HPV16, a common sexually transmitted infection not associated with PID.
In secondary analyses, we evaluated associations stratified by serous/nonserous ovarian cancer subtype in both studies as well as time between blood collection and diagnosis (2-<5 years and 5-14 years) in PLCO; we also evaluated associations excluding women age 70 years or older. P heterogeneity values were based on the likelihood ratio test from a cases-only model, with serous histotype (subtype analyses) or recent blood draw (time to diagnosis analyses) as the reference group. Statistical significance was defined as P value of less than .05; all statistical tests were two-sided. Data analyses were performed using SAS software (SAS Institute, version 9.3; Cary, NC).
Results
The Polish study population was younger (mean age ¼ 55.5 years) than the PLCO study population (mean age ¼ 63.2 years) ( Table 1) . Age-adjusted mean antibody levels tended to be higher in the Polish Study (eg, Pgp3 average antibody level among controls in Poland ¼ 1878 MFI, 95% CI ¼ 1569 to 2188; vs PLCO ¼ 999, 95% CI ¼ 561 to 1436) ( Table 2 ). Mean chlamydia antibody levels were higher in cases than controls in both studies, and the differences in mean anti-pgp3, anti-MOMP-D, and anti-MOMP-L2 levels were statistically significant in the Polish study.
In the Polish case-control study, Pgp3 seropositivity (serological gold standard) was associated with a 63% increased ovarian cancer risk (OR ¼ 1.63, 95% CI ¼ 1.20 to 2.22), and MOMP-A and MOMP-L2 seropositivity were associated with 46% and 59% increased risk (OR ¼ 1.46, 95% CI ¼ 1.06 to 2.02; OR ¼ 1.59, 95% CI ¼ 1.16 to 2.17, respectively) ( Table 3) . Seropositivity for chlamydia (!3 of 6 markers seropositive: MOMP-A, MOMP-D, MOMP-L2, Tarp-F1, Tarp-F2, HSP60-1) was also associated with increased While the proportion of Pgp3 seropositive women was different by case (25.0%) and control (21.4%) status in PLCO, the increased risk of ovarian cancer was not statistically significant using the laboratory-determined seropositivity cut-point for Pgp3 (OR ¼ 1.43, 95% CI ¼ 0.78 to 2.63) ( Table 3 ). Other chlamydia markers as well as overall chlamydia seropositivity were also not associated with increased risk in PLCO (overall seropositivity: OR ¼ 1.18, 95% CI ¼ 0.64 to 2.18). After applying the higher marker threshold identified in Poland to the PLCO population, Pgp3 positivity was associated with an increased ovarian cancer When evaluating higher marker thresholds for seropositivity, antibodies against M. genitalium (rMgPa) were associated with ovarian cancer risk at higher thresholds in the Polish study (cut-point 2: OR ¼ 1.62, 95% CI ¼ 1.00 to 2.64; cut-point 3: OR ¼ 1.69, 95% CI ¼ 1.02 to 2.79), but no association was observed in PLCO (cut-point 2: OR ¼ 0.74, 95% CI ¼ 0.28 to 1.94; cut-point 3: OR ¼ 0.69, 95% CI ¼ 0.25 to 1.95) (data not shown). We did not find any statistically significant associations between antibodies against M. genitalium (MgPaN), HSV-2, or HPV-16 L1 and ovarian cancer in Poland (results not shown).
Ovarian cancer risks were not substantially different by serous/nonserous subtype for either study (Supplementary Table  4 , available online). In PLCO, no substantial differences in ovarian cancer risk were observed for diagnostic or higher marker thresholds of prior/current infection when evaluating time between blood draw and diagnosis, supporting that case status did not influence antibody levels (Supplementary Table 5 , available online). Results were not substantially changed when excluding individuals age 70 years or older at blood draw from either study (eg, antibodies against Pgp3 at laboratory cut-point in Poland: OR ¼ 1.67, 95% CI ¼ 1.19 to 2.33; PLCO: OR ¼ 1.51, 95% CI ¼ 0.73 to 3.09) (data not shown).
Antibodies against C. trachomatis were positively correlated with one another; correlations with Pgp3 antibodies ranged from 0.43 to 0.72 (Pearson correlation coefficients) across both populations (Supplementary Table 1 , available online). As anticipated, antibody responses to M. genitalium and HSV-2 were modestly correlated with chlamydia marker Pgp3, while antibody responses to other infections measured were not correlated with Pgp3. Table 4 . Chlamydia marker associations with ovarian cancer risk with increasing cut-points for marker positivity selected from a Polish casecontrol study and applied in a nested case-control study conducted within the PLCO Cancer Screening Trial
Chlamydia trachomatis
Marker cut-point Poland* PLCO* Cases Controls OR † (95% CI) Screening Trial; Tarp ¼ translocated actin-recruiting phosphoprotein. †Odds ratios and 95% confidence intervals are from logistic regression models conditioned on matching factors (Poland: age and study site; PLCO: age, race, time of blood draw, month of blood draw) and adjusted for nulliparity, duration of oral contraceptive use, and duration of menopausal hormone use.
Discussion
Our results suggest that antibodies against C. trachomatis infection are associated with an increased risk of ovarian cancer in two independent populations. The findings are specific to the serologic gold standard of prior chlamydia infection (Pgp3) as well as other markers of chlamydia infection (ie, MOMP-A, MOMP-L2, overall chlamydia seropositivity). Antibodies against other sexually transmitted infections evaluated (eg, HPV) or non-sexually transmitted infections that are not implicated in PID were not associated with ovarian cancer risk in either study. This supports the hypothesis that chlamydia infection, possibly through the associated adverse sequala PID, is associated with ovarian cancer risk. The finding that higher antibody thresholds showed a stronger association with ovarian cancer risk likely suggests that only a subset of the most severe chlamydia infections are associated with ovarian cancer. Higher antibody titers have been associated with severe infection previously, particularly for clinically manifest salpingitis (32, 34) . Prior studies evaluating serologic markers of C. trachomatis or M. genitalium infection are few, limited in sample size, and inconsistent (16) (17) (18) . IgG antibodies to chlamydia extracellular elementary bodies (EB) were associated with ovarian cancer risk in a study of 117 cases and 171 healthy controls (16) . However, an inverse association among younger women was reported with serovar D IgG EB in a larger study, and associations with other chlamydia serology markers, including HSP60-1, have been null (17, 18, 35) . None of the prior studies have evaluated the association between chlamydia Pgp3 and ovarian cancer risk. M. genitalium serology was not associated with ovarian cancer risk in one study (17) , and M. genitalium DNA was detected in one study of ovarian carcinoma but not in another (36, 37) .
The evaluation of HPV serology and ovarian cancer so far has been limited to one prospective study that reported no association between ovarian cancer and HPV16 L1 antibodies (38) . Numerous studies evaluating HPV in tissue have also been primarily null (36, (39) (40) (41) (42) , with only one study suggesting a higher prevalence of HPV16 E6 gene expression in ovarian tumor tissues compared with nonmalignant tissue (41) . A study evaluating viral DNA and ovarian cancer from sequencing data from The Cancer Genome Atlas (TCGA) did not identify transcribed viral elements to HPV, Epstein-Barr virus, or hepatitis B virus in 419 serous cystadenocarcinomas (43) . Our results, from two independent populations, further support that there is no association between HPV infection and ovarian cancer risk.
An association between C. trachomatis infection and ovarian cancer is supported by molecular data demonstrating an antiapoptotic effect of prolonged chlamydia infection resulting in survival of chlamydia bacteria within the host cell. This in turn facilitates survival of DNA damaged cells, which may lead to increased risk of cancer initiation (33, 44, 45) . Additionally, upper genital tract chlamydial infections can cause adhesions between tube and ovary, leading to juxtaposition of these organs and transfer of tubal-initiated cells to the growth-promoting microenvironment in the ovary.
Study strengths included the comprehensive evaluation of infection-related antibodies measured using a validated technology as well as the availability of extensive risk factor data in both studies with careful control of confounding. Additional strengths included the population-based design and recruitment of incident ovarian cancer cases in the Polish study and the prospective design of the PLCO study. Limitations included the assessment of serologic antibodies at the time of diagnosis in Poland; however, when evaluating the timing of blood draw and cancer diagnosis in PLCO, we noted no appreciable difference. Information on prior chlamydia infections or PID were not available in either study; however, this is a limitation of most epidemiologic studies. We were not able to test for antibodies to Neisseria gonorrhoeae, a known cause of PID. Further, we were not able to adjust for treatment of chlamydia infections (eg, antibiotic use), which may have affected our findings. Although we included all ovarian cancer cases from the PLCO screening arm, the study was limited in power, especially for evaluating relations with specific subtypes. Another potential limitation included the persistence of antibody response, which has been demonstrated over a 12-year period. We cannot rule out that the waning of marker positivity observed in the PLCO study (older mean age at blood draw) is due to reduced persistence of the antibody response over long periods (23) ; however, results were not substantially changed in analyses excluding women age 70 years or older. Increasing the seropositivity cut-point in PLCO did demonstrate increased risk of ovarian cancer; additional research establishing a cutoff for both persistent chlamydia infections and PID would further enable unbiased testing of the PID-ovarian cancer hypothesis.
In conclusion, the current data support the hypothesis that tubal inflammation and damage are likely etiologically relevant phenomena for ovarian cancer, arguing for additional research to confirm and extend these findings. While C. trachomatis is the most prevalent cause of PID in high-income countries, other causes include N. gonorrhoeae, M. genitalium, bacterial vaginosis pathogens (eg, Peptostreptococcus and Bacteroides species), and enteric pathogens (eg, E. coli); respiratory pathogens (eg, Haemophilus influenzae), which may also increase risk of ovarian cancer. Chronic PID (lasting longer than 30 days) has been attributed to Mycobacterium tuberculosis and Actinomyces (46) . Identifying serologic markers specific to subclinical or chronic PID is warranted. If corroborated, these findings support evaluation of potential ovarian cancer risk reduction through treatment of C. trachomatis infections.
Funding
This work was supported by the intramural research program of the National Cancer Institute, National Institutes of Health.
Molecular Diagnostics of Oncogenic Infections Division, German Cancer Research Center (DKFZ), Heidelberg, Germany (MP).
The funding agency did not have any role in the design of the study; the collection, analysis, or interpretation of the data; the writing of the manuscript; or the decision to submit the manuscript for publication.
Preliminary results from the Polish Study (not including chlamydia marker Pgp3) were presented at the American Association of Cancer Research Rivkin Ovarian Cancer Meeting (September 2014). Study results were presented at the American Association of Cancer Research Annual Meeting (April 2018).
